An acceleration of differentiation at the expense of proliferation is observed in our previous publications and in the literature after exposure of various biological models to low frequency and low-amplitude electric and electromagnetic fields. This observation is related with a significant modification of genes expression. We observed and compared over time this modification. This study use microarray data obtained on epidermis cultures harvested from human abdominoplasty exposed to ELF electric fields. This protocol is repeated with samples collected on three different healthy patients. The sampling over time allows comparison of the effect of the stimulus at a given time with the evolution of control group. After 4 days, we observed a significant difference of the genes expression between control (D4C) and stimulated (D4S) (p < 0.05). On the control between day 4 and 7, we observed another group of genes with significant difference (p < 0.05) in their expression. We identify the common genes between these two groups and we select from them those expressing no difference between stimulate at 4 days (D4S) and control after 7 days (D7C). The same analysis was performed with D4S-D4C-D12C and D7S-D7C-D12C. The lists of genes which follow this pattern show acceleration in their expressions under stimulation appearing on control at a later time. In this list, genes such as DKK1, SPRR3, NDRG4, and CHEK1 are involved in cell proliferation or differentiation. Numerous other genes are also playing a function in mitosis, cell cycle or in the DNA replication transcription and translation.
Introduction
The effect on cell proliferation and differentiation on different tissues after exposition to low frequency electric or electromagnetic fields, pulsed or sinusoidal stimulation is well described in the literature: Zhou et al. reported that while exposure to 50 Hz sinusoidal electromagnetic field inhibits the osteoblast proliferation, it significantly promotes differentiation and demonstrated that Alkaline phosphatase activity, marker for early phase osteoblast differentiation, was significantly increased when rat osteoblasts in vitro are exposed to 50 Hz 3.6 mT 0.5 h ; Hronik-Tupaj et al. (2011) concluded that electrical stimulation is a useful tool to improve hMSC osteogenic differentiation; Manni et al. (2004) worked on primary human oral keratinocyte exposed to low electromagnetic field (50 Hz) and the results support the idea that exposure to electromagnetic field carries keratinocytes to higher differentiation level; data of Ciombor et al. (2002) suggested that chondrogenic differentiation occurs earlier and that cartilage extracellular matrix is synthesized to a greater degree and matures faster in response to low frequency pulsed EMF fields; Lohmann et al. (2000) wrote that his study on MG63 osteoblast-like cells showed enhanced differentiation as the net effect of pulsed electromagnetic fields as evidenced by decreased proliferation, increased alkaline phosphatase-specific activity, osteocalcin synthesis, and collagen production. The treatment with pulsed electromagnetic fields resulted in a more differentiated and mature osteoblastic phenotype.
Our laboratory observed on different in vitro and in vivo biological models exposed to a specific low frequencies and low-amplitude, asymmetric, charge-balanced, pulse-train modulated electromagnetic fields an acceleration of the cartilaginous matrix differentiation preceding the ossification Hinsenkamp et al., 1985; Hinsenkamp, 1982, 1985) .
This acceleration of the differentiation at the expense of proliferation has been shown on a human keratinocyte culture exposed to a similar pattern of electric field. On this model, observations made with planimetry, histologic examination, and [H3]-thymidine labeling techniques Hinsenkamp et al., 1997) were confirmed by microarray analysis .
In the present study, we used the gene expression data obtain with U133 Plus 2.0 microarray Affymetrix chips on a culture of epidermis on de-epidermized human skin exposed to a 40 Hz pulsed asymmetric charge-balanced carrier signal modulated by a fundamental frequency of 0.125 Hz and transmitted by two platinum electrodes. The complete protocol was performed on three healthy patients .
Considering the very coherent response of all our biological models, we want to compare statistically the modification in genes regulation induced by electrical stimulation to the natural genes expression over time. The sampling over time allows comparison of the effect of the stimulus at a given time with the evolution of the control group.
Materials and methods

Biological model
The in vitro model is prepared with skin harvested from human abdominoplasty after plastic surgery. Human epidermal explants were cultured at an air-liquid interface on decellularized human dermal supports. Two platinum electrodes are used to apply the electric signal ( Fig.  1) . The preparation of the dermal support consists, after removal of the epidermis, to decellularize the remaining dermis (20 successive freeze-thaw cycles of the dermis and gamma radiation at 7 kGy) and cutting 60 mm × 30 mm rectangle. Pairs of dermal support from the same skin donors were distributed equally to the stimulated and the control group.
For the explants, 3 mm diameter punch biopsies are removed from epidermis layer separated from the skin with a Wagner's dermatome.
Two dermal supports and 12 explants are planned for each sampling conditions thus 84 explants from the same healthy patient are distributed on 14 dermal supports (D −3 does not need dermal support: it is sampled directly after cutting with punch biopsies). The control and stimulated groups are placed inside the same incubator (37 ± 0.3 °C, 5% CO2). Stimulated group does not receive stimulation during the 3 first days of incubation ( Fig. 2 : gray time unit −3, −2, −1) to allow rest and explants attachment to dermal support. For the stimulated group, stimulation start at Day 1 (fourth day of incubation) and the control group does not receive stimulation. Control sample (after the period of 3 days for explants attachment to the dermal support and before the first stimulation). D4C, D7C, D12C: Three samples in the control group at day 4, 7 and 12. D4S, D7S, D12S: Three samples in the stimulated group at day 4, 7 and 12 after 3, 6 and 11 period of stimulation.
We realized control samples: D −3 just after the punch biopsies, D1C (Day 1 Control group) after the period of 3 days for explants attachment to the dermal support and before the first stimulation. We collected three control samples at D4C, D7C, and D12C and three stimulated samples at D4S (Day 4 Stimulated group), D7S, and D12S, at days 4, 7, and 12, respectively (Fig. 2) .
The details for biological model and culture protocol are explained in Collard et al. (2011) .
Electrical stimulation pattern
The output of the generator consists of a biphasic, asymmetric, charge-balanced current stimuli, with a repetition frequency of 40 Hz modulated by a fundamental frequency of 0.125 Hz (Fig. 3a) . The stimulus is repeated during 4 s followed by a 4 s break (Fig. 3b) , for 40 min/day for 11 days ( Fig. 2) . Electrical stimulation is applied through two platinum (Pt) electrodes (50 mm × 2 mm × 0.5 mm) in contact with the dermal support (Fig. 1) . The generator output current amplitude is 20 mA peaks. The electrical stimulation pattern details are explained in Collard et al. (2011) .
RNA extraction, microarray and Real-time rtPCR
TotalRNA was extracted from a pool of 12 explants for each sample condition. Each pool is homogenized with a rotor-stator and total RNA was extracted using a Qiagen RNeasy Mini Kit (Dusseldorf, Germany) according to the recommended protocol. The RNA quality was measured with the capillary electrophoresis system from Agilent Technologies (Santa Clara, CA) and the RNA quantities were determined with NanoDrop Technologies spectrometer (Wilmington, DE).
Probe levels are measured using Affymetrix microarray U133 Plus 2.0 chips prepared and hybridized according to the Affymetrix (Santa Clara, CA) two-cycle technical protocol.
The protocol is repeated on three healthy patients. A total of 24 Affymetrix chips are processed.
Expression data and raw expression data (CEL files) were generated using GCOS Affymetrix software.
To validate the microarray data, we evaluated the expression of five transcripts up-or downregulated in our results (TXNRD1, ATF3, MME, DKK1, and MACF1) with Real-Time rtPCR method. A normalization of the expression of all transcripts was made with two genes (TBP and B2M) proposed by Allen et al. (2008) . All results obtained with this technique are consistent with results observed by microarray.
The details for RNA extraction, microarray protocol and Real-Time rtPCR procedure are explained in Collard et al. (2011) .
Statistical analysis
Our statistical analysis identifies genes that are differentially expressed between two groups of samples (either stimulated and control at different sampling time or two different control groups corresponding to different sampling time). We performed differential expression analysis using LIMMA package (Smyth, 2004) to identify lists of differentially expressed genes (DEGs) between the following couples of groups of samples, as derived from Fig. 4: 1. D4S vs D4C (D7S vs D7C) -by performing differential analysis between the stimulated group and the control group from the same day we identify genes that could be indicators for the mechanisms that affects the cell by the stimulation with ELF. This analysis has been performed in our previous study and revealed genes that are involved in the proliferation and the differentiation of the cell.
2. D7C vs D4C (D12C vs D4C, D12C vs D7C) -by performing differential analysis between the control groups at different sampling time we identify the genes that are naturally evolving (become up-or down-regulated) over time. We expect that these genes should be involved in the cells mechanisms that evolve with time such as cell differentiation.
3. D4S vs D7C (D4S vs D12C, D7S vs D12C) -by performing differential analysis between the stimulated group (early sampling time) and the control group (late sampling time), we identify the genes that have no difference in expression. If the p-value >0.05, a gene have no difference in his expression between the two groups. The common genes found at point 1 and 2 could give clues about the cell mechanisms affected by the exposure to ELF.
DEGs have been identified as genes having a low statistical significance (p < 0.05) for the corresponding t-test, while keeping high the difference in expression level (the difference in means) between the two groups of samples (Fold Change > 2).
The sampling over time allows comparison of the effect of the stimulus at a given time with the evolution of the control group. In order to find more evidence to confirm our previous findings that suggest an acceleration of cells differentiation at the expense of proliferation when exposed to ELF, we propose a triangular analysis of the gene expression at different sampling times (Fig. 4) :

Step 1: we compared gene expression profiles of stimulated samples with gene expression profiles of control samples for one sampling times (D4S vs D4C or D7S vs D7C); we select the genes list with a significant statistical difference between the two groups (p-value < 0.05).
Step 2: we compared gene expression profiles in between the different groups of control samples at different sampling time. The early time is the sampling time selected in step 1 (D7C vs D4C or D12C vs D4C or D12C vs D7C); we select the genes list with a significant statistical difference between the two groups (p-value < 0.05).
Step 3: we compared the later control samples selected in step2 with the stimulated samples selected at step 1 (D4S vs D7C or D4S vs D12C or D7S vs D12C); we keep the genes list with no significant statistical difference between the two groups (p-value > 0.05).
Then, we use the genes common to these three lists. By doing so, we aimed to investigate whether the stimulation with the ELF has the same effect on the cells as the normal evolution in time of a non-stimulated tissue over a time period.
Results
After 4 days, we observed a significant difference of the genes expression regulation between control (D4C) and stimulated (D4S) (p < 0.05). On the control between day 4 and 7, we observed another group of genes with significant difference (p < 0.05) in their genes expression. We select, from the common genes between these two groups, those with no more difference (p > 0.05) between stimulate at 4 days (D4S) and control after 7 days (D7C). The same analysis was performed with D4S-D4C-D12C and D7S-D7C-D12C.
Triangle D4S-D4C-D7C
There are 319 probes that meet the 3 conditions of the triangle D4S-D4C-D7C presented in materials and methods (p < 0.05 for D4S/D4C and D7C/D4C and p > 0.05 for D4S/D7C).
In this list, if we compare the fold change (FC) between D4S/D4C and D7C/D4C, 110 probes have exactly the same (if we consider two FC equal if the rounded value of the FC (log2) is not exceeding a difference of the tenth unit), 112 probes have an FC value greater for D4S/D4C than D7C/D4C and 97 probes have an FC value below for D4S/D4C than D7C/D4C. In this list, 271 probes are down-regulated by the stimulation and 48 up-regulated.
The list of 319 probes is reduced to 33 if we apply an FC cutoff equal 2 (log2FC = 1) ( Table 1 . List of the 33 probes for triangle D4S-D4C-D7C with an FC cutoff equal 2 (log2FC = 1).
Triangle D4S-D4C-D12C
There are 183 probes that meet the 3 conditions of the triangle D4S-D4C-D12C presented in materials and methods (p < 0.05 for D4S/D4C and D12C/D4C and p > 0.05 for D4S/D12C Table 2 . List of the 25 probes for triangle D4S-D4C-D12C with an FC cutoff equal 2 (log2FC = 1).
Triangle D7S-D7C-D12C
They are 329 probes that meet the 3 conditions of the triangle D7S-D7C-D12C presented in materials and methods (p < 0.05 for D7S/D7C and D12C/D7C and p > 0.05 for D7S/D12C Table 3 . List of the 65 probes for triangle D7S-D7C-D12C with an FC cutoff equal 2 (log2FC = 1).
Discussion
The triangular analysis performed based on Fig. 4 gives a list of genes where the electromagnetic stimulation causes the same up-or down-regulation of gene expression that we observe in a control sample collected at a later time. So we observe a phenomenon that occurs naturally in the control group but happens faster in the stimulated group.
When analyzing the FC values, we observe that the modification of gene expression induced by stimulation may be exactly the same, slightly lower or slightly higher than the change, in the expression of control at different sampling moments (p < 0.05). It shows that genes whose regulation is accelerated by the electrical stimulation can put a longer or shorter time in the control group to reach the same level of regulation.
It is interesting to note that stimulation accelerates a majority of down-regulation in gene expression at time D4 (triangle D4S-D4C-D7C or D4S-D4C-D12C) while for the time D7 (triangle D7S-D7C-D12C) stimulation accelerates mainly the up regulation of some gene.
The Reference Sequence (RefSeq) Project (The NCBI handbook [Internet] ) can give us some information on the functions of genes listed in Table 1, Table 2 and Table 3 . For example,  MCM4, MCM5, MCM6, MCM10 encoded for proteins that are essential for the initiation of eukaryotic genome replication  CDC20 appears to act as a regulatory protein interacting with several other proteins at multiple points in the cell cycle  CDC6 as a regulator at the early steps of DNA replication  UHRF1 and CDCA3 play a role in the cell division cycle  RRM2 encodes subunits for ribonucleotide reductase. This reductase catalyzes the formation of deoxyribonucleotides from ribonucleotides  ZNF638 is associated with packaging, transferring, or processing of the transcripts  TSPAN1 mediate signal transduction events that play a role in the regulation of cell development, activation, growth and motility  ZWILCH plays a role in the M phase of mitotic cell cycle  U2AF1 plays a role in RNA splicing and mRNA processing  TOP2A: this nuclear enzyme is involved in processes such as chromosome condensation, chromatid separation, and the relief of torsional stress that occurs during DNA transcription and replication.
 TMPO: the protein encoded by this gene resides in the nucleus and may play a role in the assembly of the nuclear lamina, and thus help maintain the structural organization of the nuclear envelope
In this list of genes, with an accelerated regulation in the stimulated compared with the control, we identify also genes that play a role in cell proliferation and differentiation:
• DKK1 (Table 4 Table 4 . D4S-D4C-D7C and D4S-D4C-D12C triangles data for DKK1 gene.
DKK1 function is clearly identified as an inhibitor of WNT signaling pathway and evidence is provided that down-regulation of Wnt signaling is required for the induction of cells differentiation and the reduction of cells proliferation .
• SPRR3 ( Table 5 . D4S-D4C-D7C and D4S-D4C-D12C triangles data for SPRR3 gene.
SPRR3 is strongly induced during differentiation of human epidermal keratinocytes in vitro and in vivo and SPRR is expressed in close association with epidermal differentiation in normal skin .
• NDRG4 ( Table 6 . D4S-D4C-D7C and D4S-D4C-D12C triangles data for NDRG4 gene.
The NDRG (N-Myc downstream-regulated gene) family, consisting of NDRG1, NDRG2, NDRG3, and NDRG4, are a group of structurally related proteins with roles in cell proliferation, differentiation, apoptosis, stress responses, and cell migration/metastasis. The expression of these proteins is up-regulated during cell differentiation and suppressed in several tumor cells Shimono et al., 1999; Zhou et al., 2001 ).
NDRG4 protein may participate in regulating processes that lead to cellular differentiation and neurite formation ).
• CHEK1 ( Table 7 . D7S-D7C-D12C triangle data for CHEK1 gene.
The overexpression of CHEK1 caused a mitosis G2 cell cycle arrest ). CHEK1 plays an essential but poorly defined role in the proliferation of unperturbed cells .
We can also observe that some genes are linked to known biological pathway:
• UBE2D3 ( Table 8 . D4S-D4C-D7C and D4S-D4C-D12C triangles data for UBE2D3 gene.
UBE2D3 plays a role in BMP signaling pathway . The role of BMPs in osteogenesis and fracture healing has already been recognized (Hinsenkamp and Collard, 2011) .
Conclusions
The triangular analysis performed here helps us to investigate whether the ELF stimulation accelerates some natural cellular processes. Our results show that ELF stimulation accelerates the up or down-regulation of some genes which in normal circumstances will follow that particular trend (up or down-regulation) but in a slower manner.
Many of genes listed in Table 1, Table 2 and Table 3 Some genes identifies within this study are involved in cell proliferation and differentiation. These new results provide further justification for the previous observations: the acceleration of the differentiation at the expense of proliferation is observed on different in vitro and in vivo biological model exposed to a specific electric fields.
